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Abstract: We characterized the dual wavelength operation of a distributed Bragg reflector
(DBR) quantum cascade laser (QCL) operating at 4.5 μm using two independent optical
frequency discriminators. The QCL emits up to 150 mW fairly evenly distributed between two
adjacent Fabry-Perot modes separated by ≈11.6 GHz. We show a strong correlation between
the instantaneous optical frequencies of the two lasing modes, characterized by a Pearson
correlation coeﬃcient of 0.96. As a result, we stabilized one laser mode of the QCL to a N2O
transition using a side-of-fringe locking technique, reducing its linewidth by a factor 6.2, from
406 kHz in free-running operation down to 65 kHz (at 1-ms observation time), and observed a
simultaneous reduction of the frequency fluctuations of the second mode by a similar amount,
resulting in a linewidth narrowing by a factor 5.4, from 380 kHz to 70 kHz. This proof-of-
principle demonstration was performed with a standard DBR QCL that was not deliberately
designed for dual-mode operation. These promising results open the door to the fabrication of
more flexible dual-mode QCLs with the use of specifically designed gratings in the future.
OCIS codes: (140.5965) Semiconductor lasers, quantum cascade; (140.3425) Laser stabilization.
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1. Introduction
Quantum cascade lasers (QCLs) constitute a versatile source of coherent radiation in the
mid-infrared spectral range owing to their unique combination of high output power, spectral
properties, and ease of tuning. Most of the applications of QCLs to-date, such as sensitive trace
gas monitoring using various spectroscopic techniques, have relied on single-mode emitters.
Single-mode emission is typically achieved with the use of a wavelength-selective grating
engraved in the QCL chip. The most common structures are distributed feedback (DFB) gratings
[1] and distributed Bragg reflectors (DBR) [2]. Spectroscopic gas sensors based on single-mode
QCLs can be very sensitive, but are most often capable of detecting only a single species, as
a result of their limited tuning range. Multi-species detection can be realized with the use of
external-cavity QCLs with a large tuning range [3] or by integrating an array of slightly detuned
lasers in a single platform [4], but at the cost of a higher complexity, reduced tuning speed or
higher price.
The development of QCLs capable of emitting at two or more wavelengths simultaneously
has received a significant attention in the last years. Dual-wavelength QCLs emitting in two
distinct spectral ranges have been demonstrated for spectroscopy applications [5, 6]. However,
the two wavelengths were emitted in two distinct gain sections in this case, so that the emitted
2
modes were completely independent. In contrast, broadband multi-mode QCLs with a properly
managed dispersion can generate a frequency comb spectrum by non-linear eﬀects (four wave
mixing) taking place within the QCL active region [7]. As a result of energy conservation in
this parametric process, the diﬀerent modes are precisely equidistant. Therefore, their frequency
fluctuations are strongly correlated [8], even if the modes are not phase-locked as in a standard
frequency comb produced by a mode-locked laser. QCL combs have been a breakthrough
towards the realization of broadband high-resolution mid-infrared spectrometers, and have
opened new perspectives for multi-species gas detection. QCL combs also simultaneously carry
a radio frequency (RF) signal (i.e., the comb mode spacing) in addition to the optical frequencies
of the lasing modes.
Simpler laser systems simultaneously emitting at only two close wavelengths are attractive
for a number of applications, such as the transmission of radio frequency (RF) signals over
optical fibers [9, 10] or in free space [11], light detection and ranging (LIDAR) [12], or RF
generation [13, 14]. Their interest lies in the fact that they simultaneously provide an optical
(≈100 THz) and an RF signals (≈10 GHz). A diﬀerent approach to simultaneously transmit
optical and RF signals in the mid-infrared is by amplitude modulation of a QCL. This can
be achieved by a direct modulation of the laser current [15] or using a modulated external
illumination of the QCL facet [16]. However, this comes at the price of an increased complexity.
A dual wavelength laser is more advantageous, as it naturally carries the desired RF signal.
DFB or DBR QCLs are typically designed for single-mode operation. However, this is not easy
to achieve, and a dual-mode or few-mode optical spectrum is often observed above a certain
output power. These modes are separated in the frequency domain by multiples of the free
spectral range (FSR) of the laser resonator. For a QCL with a typical chip length between 1 and
10 mm and a refractive index of ≈3, the FSR lies between 5 and 50 GHz.
Dual-mode operation of a QCL has not been investigated so far, and many questions remained
open about its applicability, such as the achievable mode spacing tunability and stability. In this
article, we present the first noise analysis and frequency stabilization of a dual-mode QCL.
A single-mode QCL has a typical linewidth in the MHz range [17], resulting from internal
electrical fluctuations that induce temperature variations within the laser active region [18].
These temperature variations finally result in fluctuations of the QCL optical frequency. From
the origin of these fluctuations, one can expect that they will perturb in a very similar way
adjacent Fabry-Perot modes, for which dispersion is negligible compared to the situation of
modes spaced by tens of cm−1 located on each side of the spectrum of a typical multi-mode QCL
without a grating. In this work, we show that the frequency fluctuations in dual-mode QCLs are
indeed strongly correlated. Consequently, one mode can be used to measure the instantaneous
frequency of the other one and to stabilize both at the same time.
2. Laser fabrication
Dual-mode operation is typical for DFB QCLs [19,20] due to the uncertainty in the cavity length
resulting from the cleaving process and to the possibility for a second mode to start lasing on
the other side of the grating spectrum. In this work, we employed a DBR design, which can
also operate non-single-mode [21]. As illustrated in Fig. 1, two Fabry-Perot modes close to the
center of the grating spectrum can experience nearly the same reflectivity and lase, therefore,
simultaneously.
The lasers designed to emit in the 4.5-μm range were processed in a buried heterostructure
configuration with a ridge width of 9.0 μm. A distributed Bragg mirror section with a length
of 0.75 mm and a grating period of 0.7515 μm was processed. Then a Fabry-Perot section was
cleaved at a length of 3.75 mm (out of the grating), resulting in a total device length of 4.5 mm.
A gold layer was deposited on top of the structure to form a single electrical contact, used to
pump the two sections with a uniform current density. Both facets were left uncoated. The lasers
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Fig. 1. Reflectivity spectrum of a DBR (calculated as described in [22]) with the locations
of the Fabry-Perot modes (grey lines) separated by the cavity FSR of ≈10 GHz.
were mounted epitaxial side up on copper submounts.
3. Characterization of dual-mode QCLs
QCLs capable of operating in a dual-mode regime have been selected and characterized. As
a first step, standard light-current-voltage (LIV) curves have been recorded and the emission
spectrum has been measured at diﬀerent operating currents using a Fourier-transform infrared
(FTIR) spectrometer. In the selected QCL, a transition from single-mode to dual-mode emission
occurs at room temperature (20◦C) at a current of 740 mA. The emission remains bi-modal up
to 900 mA (maximum dual-mode output power = 150 mW), then additional modes start to lase.
In comparison, the threshold current is 680 mA and the roll-over current is 1050 mA (Fig. 2).
Only the light emitted from the front facet, corresponding to the Fabry-Perot section, has been
considered in these measurements. In all subsequently presented data, the laser was operated at
20 ◦C and within the current range of dual-mode operation.
The stability of the dual-mode operation of the laser (absence of self-pulsations, self-
frequency modulation, etc) has been assessed by observing the emitted optical power using
a fast photodiode (Vigo PVMI-4TE-8 with 250 MHz bandwidth) connected to a digital
oscilloscope. A first measurement was made on the total output power (i.e., for the combination
of the two modes), showing 1.4×10−3 of relative root mean square (RMS) noise in the
frequency span from 200 Hz to 1 MHz. After that, one of the two modes was filtered out by
tuning it to a strong absorption line of N2O at 2227.04 cm−1 (a 10-cm gas cell filled with
2 mbar of N2O was used for this purpose) and the optical power of the only remaining mode
was detected, showing a comparable relative RMS noise of 1.3×10−3 in the same frequency
span.
The exact spacing of the two optical modes has been investigated by detecting their RF
beat-note that appears as an AC component in the laser voltage [23]. This detection scheme
circumvents the need of a very fast detector (at least 12 GHz for the present laser) that would
be required to optically detect the beat signal. The RF signal has been extracted from the QCL
using a bias tee (Aeroflex 8800SMF-12). A special RF probe in the shape of a press contact
was made to eﬃciently couple the weak RF signal from the laser standard copper mount into a
coaxial cable. The detected signal was amplified using a low-noise broadband amplifier with a
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Fig. 2. Left: LIV curves of the selected QCL at 20 ◦C. The blue area indicates the current
range of a stable dual-mode operation. Right: typical corresponding dual-mode spectra
measured with an FTIR spectrometer at a resolution of 0.06 cm−1.
gain of 38 dB (Pasternack PE15A3259), and was measured with an electrical spectrum analyzer
(HP 70000 series).
At an observation time of 100 s (100 averages of a 1-s sweep), the linewidth of the RF sig-
nal was around 30 kHz (Fig. 3) at all considered currents in the range of dual-mode operation,
much narrower than the typical MHz range linewidth of the optical modes of a QCL measured at
10-100 μs observation times [17]. The measured beat frequency of 11.7 GHz corresponds to an
eﬀective resonator length of 4.1 mm assuming a refractive index ≈ 3.1, which indicates that the
optical mode penetrates slightly into the grating section, in accordance with [24]. The possibility
to tune the frequency spacing between the two laser modes was investigated by measuring
the beat-note frequency while changing the laser bias current (Fig. 4). From these measure-
ments, a tuning rate of 0.9 MHz/mA was assessed. It is almost three orders of magnitude lower,
than the co-tuning rate of the whole optical spectrum with current, which was estimated to be
≈ 600 MHz/mA from the characterization done before with an FTIR spectrometer.
In order to further investigate the noise of the two modes and their correlation, we used
two fast photodiodes and two optical frequency discriminators allowing the independent and
simultaneous measurement of the frequency noise of each mode (Fig. 5). The optical set-up
is shown in Fig. 6. The output beam of the QCL was first split by a 50/50 beam splitter after
a collimating aspheric lens ( f = 1.873 mm) and the two resultant beams were sent to two
distinct frequency discriminators. The first discriminator was made of the aforementioned N2O
gas cell and its absorption line at 2227.04 cm−1. The laser current was adjusted such that one
mode was tuned to the side of the absorption line, where it got discriminated, i.e., the frequency
fluctuations of this mode were converted into intensity fluctuations by the steep slope of the
absorption line. The resulting power fluctuations were detected by the photodiode in the cell
transmission signal. The second mode was fully transmitted through the gas cell and also
contributed to the photodiode signal, but only with its intensity noise, which was negligible
compared to the converted frequency noise of the discriminated mode.
In the second arm, a tunable frequency discriminator was required to be able to discriminate
the second mode. A scanning Fabry-Perot interferometer of medium finesse (1-GHz FSR,
5-MHz resonance width) was used for this purpose. An additional lens with a focal length
f = 100 mm was used for mode matching, and optical feedback from the cavity towards the
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Fig. 3. Electrical beat-note of a free-running dual wavelength QCL measured between its
electrodes, averaged over 100 sweeps (100 s total observation time); resolution bandwidth:
1 kHz, measured linewidth: 30 kHz.
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laser current. Left: recorded RF spectra at various currents; right: tuning curve extracted
from the peak locations.
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Fig. 5. Scheme of principle of the simultaneous measurement of the frequency fluctuations
of the two optical modes of the QCL using two distinct frequency discriminators: the
frequency noise of the first laser mode (red peak on the right) is discriminated by a gas
absorption line (shown in solid blue), whereas the frequency noise of the second one
(red peak on the left) is measured using an optical resonator (shown in dashed grey). The
respective linewidths are not to scale for illustrative purpose.
laser was reduced to a non-disturbing level by inserting a reflective attenuator in this branch. A
second slightly diﬀerent photodiode (Vigo PVI-4TE-5) measured the light transmitted through
the resonator. The Fabry-Perot interferometer was tuned via a piezoelectric transducer (PZT)
holding one of the cavity mirrors in order that the second QCL mode was located on the side
of a resonance, approximately at its half height. The two modes were clearly identified by their
slightly diﬀerent amplitude.
Laser
BS
Cavity
MCT 1
gas cell
MCT 2
attenuator
M2
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L1
L2
Fig. 6. Experimental workbench. M1, M2 - mirrors, L1, L2 - lenses with 1.87 mm and
100 mm focal lengths, BS - non-polarizing beam splitter, MCT 1, MCT 2 - fast optical
detectors.
With these two optical frequency discriminators, two independent signals were obtained,
each of them measuring the instantaneous frequency of one of the modes. For verification and
calibration, the resonator was first tuned such that the same laser mode was discriminated in both
optical branches (i.e., by the gas absorption line and the Fabry-Perot resonance, respectively).
The electrical signals of both optical detectors were recorded by a fast digital oscilloscope
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at 10 ns resolution (Fig. 7). Both signals were filtered by a first order digital low-pass filter
with a -3 dB cut-oﬀ frequency of 200 kHz in order to compensate for the diﬀerent frequency
response of the discriminators. The Pearson correlation coeﬃcient R = 0.98 calculated for the
two normalized 9-μs long time series of 900 points each proves the equivalence of the two
considered discriminators. Then, the resonator was tuned such that the two optical branches
discriminated diﬀerent laser modes. The barely smaller calculated value of R = 0.96 confirms
the high correlation occurring between the frequency fluctuations of the two optical modes
(Fig. 7, right).
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Fig. 7. Upper left: instantaneous frequency of the same optical mode discriminated with
both the gas cell (blue curve) and the optical resonator (red curve): R = 0.98. Upper right:
instantaneous frequencies of the two diﬀerent modes simultaneously observed with the two
optical discriminators: R = 0.96. Bottom: scatter plots of the red curve versus the blue one
from the corresponding upper plots visualizing the correlation.
4. Stabilization
We have used a side-of-fringe locking method to stabilize one of the two laser modes to a N2O
absorption line and studied the resulting behavior of the second mode. As a result of the high
correlation between the instantaneous optical frequency of the two modes shown in the previous
experiment, this stabilization is expected to lead to a simultaneous locking of the second mode.
A PI (proportional-integral) controller was added to the aforementioned setup and the absorption
spectroscopy signal, oﬀset by a controlled voltage, was used as an input error signal. The output
signal of the PI controller was applied as feedback to the QCL current.
As a first qualitative evaluation of this stabilization, we scanned a resonance of the Fabry-
Perot cavity in the second optical branch through one or the other QCL mode, when the
laser was free-running or stabilized to the gas absorption line in the first optical branch. The
corresponding results are shown in Fig. 8. Here also, the two modes were clearly identified by
their relative amplitude in a ratio of ≈1.2:1 in the considered conditions. When the slightly
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weaker mode (left plot) was directly stabilized to the gas absorption line, the stronger one
(right plot) experienced a clear noise reduction, despite it was not directly locked to an optical
reference. This confirms the assumption of the noise correlation between the two modes. In the
stabilized case, the width of the observed spectra corresponds to the linewidth of the Fabry-Perot
resonance (≈5 MHz), as the laser linewidth is much narrower as a result of the noise reduction.
For a more quantitative evaluation of the eﬀect of the stabilization on the two optical modes,
we have determined their frequency noise power spectral density (FN-PSD) in free-running and
locked conditions. This was realized by roughly tuning the resonator such that the considered
QCL mode was discriminated by the side of a cavity resonance and by recording the resulting
fluctuations of the cavity transmission in the time domain. Welch’s periodogram method [25]
was then applied to the recorded time traces to calculate the corresponding FN-PSD. For the free-
running QCL, the optical modes were not locked to any specific point on the gas absorption line
or cavity resonance. Therefore, they experienced a frequency drift (resulting in particular from
external temperature variations) that rapidly shifted the analyzed mode out of the linear range
of the cavity frequency discriminator. As a result, we have continuously recorded the time trace
on the oscilloscope and have post-processed the data to take into account only those time ranges
for which the analyzed mode was in the correct frequency range, corresponding to the steepest
slope of the frequency discriminator (which was assessed from the cavity transmission signal).
A similar reduction of the FN-PSD for the two modes is shown in Fig. 9. The correctness of our
data processing was verified for the main laser mode by a comparative measurement of its FN-
PSD obtained using the gas cell discriminator (dashed colored curves in Fig. 9), which is not
aﬀected by this drift due to its much broader linear range. The excellent agreement between
the noise spectra obtained both for the free-running and for the locked mode validate this
measurement. The corresponding linewidths of the optical modes (at 1-ms observation time)
estimated using the concept of the β-separation line [26] is reduced from 406 kHz (free-running)
to 65 kHz (locked) for the directly-locked mode, and from 380 kHz (free-running) to 70 kHz
(locked) for the indirectly-locked mode. The corresponding linewidth narrowing factors are 6.2
for the directly-locked mode and 5.4 for the indirectly-locked mode.
5. Conclusion
This work presents a study of the frequency noise correlation between the two optical modes
of a dual wavelength QCL, a topic that has not been studied in details before to the best of our
knowledge. Our results demonstrate the excellent stability of the intermodal spacing, which is
important both for applications of dual-mode QCLs and for the general understanding of this
operation regime. We have shown in particular that the frequency noise of the two laser modes
was strongly correlated, a property that has enabled us to simultaneously reduce the noise of
the two modes by locking only one of them to an optical reference. A linewidth narrowing by
a factor 5.4 was thus achieved for the indirectly-locked mode, which is similar to the factor
6.2 obtained for the directly-locked mode (at 1-ms observation time). The behaviour of a dual-
mode QCL under current locking can be compared to the one of QCL combs, where it has been
demonstrated, that action on the eﬀective refractive index reduces the common noise of laser
modes [27]. However, it should be noted, that, whereas in QCL combs all modes are linked
together via the four-wave mixing, there is no such process in dual-mode lasers, therefore the
correlation mechanism of their modes is diﬀerent and needs a separate study that is out of the
scope of this work.
In this work, we used a standard DBR QCL that was not deliberately designed for dual-mode
operation. In the future, dual wavelength QCLs can be made more flexible in terms of tuning
by the use of more complicated gratings as reported for near-infrared lasers [28,29]. Along this
line, higher-order multi-mode operation (triple-mode or more) can be made possible, as well as
dual-mode QCLs with a larger mode separation. It will be worth to extend the present study to
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finesse) of the Fabry-Perot resonator. The optical linewidth of the QCL modes is narrower.
The mode on the left was used in the stabilization. The power scale is arbitrary, but the
same for both modes. The diﬀerent curves have been shifted vertically for the clarity of the
plots.
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Fig. 9. Frequency noise power spectral density (PSD) of both modes measured with the
optical resonator, in the free-running (red) and stabilized (blue) cases. The dashed lines
show the corresponding spectra obtained from the gas cell discriminator for cross-check,
which are available only for one mode (directly-locked mode). The β-separation line used
for linewidth estimation [26] is shown by the dashed line. Slight discontinuities of some
curves at ≈ 100 kHz result from some limitations of digital sampling and from the fact that
these curves were obtained from distinct data sets.
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such lasers, to investigate if a similar noise correlation occurs among the modes.
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